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The nanocrystalline ZnMFeO4 (M = Fe, Mn, Cr and Ti) ferrites were synthesized by sol–gel autocombus-
tion route. XRD studies on these compositions revealed the formation of cubic phase for Cr and Ti substi-
tuted zinc ferrite, while tetragonal for phase for Mn substituted samples. The FT-IR data revealed two
absorption bands in the range 400–800 cm1 arising due to tetrahedral (A) and octahedral (B) stretching
vibrations. Surface morphology of all the samples studied by scanning electron microscopy technique
revealed nearly spherical particles and agglomerates. The elemental analysis as obtained from EDAX is
in close agreement with the starting composition used for the synthesis. The ferromagnetic properties
studied by VSM indicate a signiﬁcant role on the magnetic properties of the samples. The detailed results
of XRD, infrared spectroscopy, SEM and magnetic properties indicating the role of substitution of differ-
ent metal ions on the structural and magnetic properties of zinc ferrites are presented in the manuscript.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Developing new routes to synthesize nanocrystalline spinel
type ferrites are challenging tasks for solid-state chemists and
materials scientists. The spinels (general formula A2+B3þ2 O
2
4 ) repre-
sent a class of materials of isostructural natural mineral MgAl2O4,
where the oxide anions arranged in a cubic close-packed lattice
and the cations A and B occupying some or all of the octahedral
and tetrahedral sites [1–4]. A and B can be divalent, trivalent, or
quadrivalent cations, including magnesium, zinc, iron, manganese,
aluminum, chromium, cobalt, titanium, and silicon. A and B can
also be the same metal under different charges, such as the case
in Fe3O4 (as Fe2+Fe
3þ
2 O
2
4 ). The substitutions of metal ions on B site
or A site spinel ferrites were also carried out by a number of
researchers earlier [5,6]. Spinel ferrites are a commercially impor-
tant material because of their excellent structural, magnetic and
electrical properties [7,8]. The usefulness of ferrites is restricted
by the physical and chemical properties of the materials. It has
been observed that the nanosized spinel ferrite particles have
superior physical and chemical properties compared to their bulkcounterparts [9,10]. Thus much work has been reported on the
synthesis of nanosized zinc ferrites and their attractive structural,
magnetic and morphological properties [11,12]. The 3d-elements
and their compounds are magnetic materials, which have found
a wide use in various ﬁelds of technology. Diversiﬁed synthesis
methods, namely, microwave reﬂuxing [13], sol–gel [14–17],
hydrothermal [18,19], co precipitation [20,21], spray pyrolysis
[22], etc. have been adopted for preparation of nanocrystalline spi-
nel type ferrites.
In this manuscript, we report preparation and properties of a
series of substituted zinc ferrites, as ZnMFeO4 (where M = Fe, Mn,
Cr and Ti). All the ferrite samples have been prepared by the sol–
gel autocombustion method. This synthesis route shows several
advantages over other preparations of nanosized metal oxides as
the process begins with a homogeneous mixture and involve low
temperature conditions to produce uniform ultraﬁne porous pow-
der. The inﬂuence of the different types of 3d transition metal ions
like Fe3+, Ti3+, Cr3+, and Mn3+ in ferrite on the structural, magnetic
properties of these ferrites studied by different techniques and the
results are discussed in this manuscript.2. Experimental details
2.1. Synthesis
Analytical grade chromium nitrate [Cr (NO3)3.9H2O], iron ni-
trate [Fe (NO3)3.9H2O], zinc nitrate [Zn (NO3)2.6H2O], manganese
Fig. 1. X-ray diffraction pattern of some metal ion containing zinc ferrites.
Table 1
Lattice constant, crystallite size and X-ray density for all compositions.
Composition Crystal
structure
Lattice Constant
‘a’ (nm)
X-ray density
(gm/cm3)
Crystallite
size (nm)
ZnFe2O4 Cubic 0.833 4.53 29.0
ZnMnFeO4 Tetragonal a = 0.831
c = 0.873
4.85 30.0
ZnCrFeO4 Cubic 0.831 4.75 25.0
ZnTiFeO4 Cubic 0.843 4.71 39.0
130 R.P. Patil et al. / Results in Physics 3 (2013) 129–133nitrate [Mn (NO3)2.4H2O], titanium nitrate [TiO (ONO3)2.2H2O] and
citric acid [C6H8O7.H2O] were used to prepare ZnFe2O4, ZnMnFeO4,
ZnCrFeO4 and ZnTiFeO4 by sol–gel method. Metal nitrates and cit-Fig. 2. Scanning electron micrograph for soric acid were dissolved in a minimum quantity of deionized water
with 1:1 M ratio for all compositions. The pH of the solution was
adjusted to about 9.0–9.5 using ammonia solution. This solution
transforms to dry gel on heating to 353 K. On further heating the
dried gel undergoes a self propagating combustion process and
transforms to ﬂoppy loose powder. The obtained powder was then
calcined at 1073 K for 8 h. The calcined powders were mixed with
2% polyvinyl alcohol and pressed to pellets by applying uniaxial
pressure of 8 ton/cm2. These pellets were gradually heated to
about 773 K to remove out the volatile organic binder material.2.2. Characterization
The phase formation of the sintered samples was conﬁrmed by
X-ray diffraction studies. The powder XRD patterns were recorded
on a Philips PW-1710 X-ray diffractometer using CrKa radiation
(k = 2.2897 Å). Elemental analysis, surface morphology and average
particle size were analyzed by EDAX spectroscopy and scanning
electron microscope (SEM: Model JEOL-JSM6360). The FTIR spectra
were recorded using Perkin Elmer FTIR in KBr pellets. The room
temperature magnetic measurements for all the compositions
were performed by using a computerized high ﬁeld vibrating sam-
ple magnetometer (LAKESHORE-Model:7404) up to 15 kOe applied
magnetic ﬁeld.3. Results and discussion
3.1. X-ray diffraction analysis
Typical X-ray diffraction patterns of ZnFe2O4, ZnMnFeO4, ZnCr-
FeO4 and ZnTiFeO4 samples obtained by gel combustion followed
by annealing at 1073 K are shown in Fig. 1. The diffraction pattern
for all the ferrite samples shows the crystalline nature. The diffrac-
tion data indicate that the ZnFe2O4, ZnCrFeO4 and ZnTiFeO4 sam-
ples have cubic spinel lattices. However, the XRD patterns of
ZnMnFeO4 show lower symmetric distorted spinel lattices. The ob-
served reﬂections of the XRD pattern of ZnMnFeO4 could be in-
dexed on a tetragonal lattice. The lattice parameters wereme metal ion containing zinc Ferrites.
Fig. 3. EDAX data for the samples (a) ZnFe2O4, (b) ZnMnFeO4, (c) ZnCrFeO4 and (d) ZnTiFeO4.
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relations:
ðaÞ For cubic phase 1=d2 ¼ h2 þ k2 þ l2=a2 ð1Þ
ðbÞ For Tetragonal phase 1=d2 ¼ h2 þ k2=a2 þ l2=c2 ð2Þ
where a, b and c are lattice parameters, (hkl) is the Miller indices
and d is the interplanar distance.
The lattice distorted phase as observed shows tetragonal phase
due to the Jahn–Teller effect of Mn3+ ions [5] .From the X-ray dif-
fraction peaks, crystallite size was estimated using Debye Scher-
rer’s formula [23]
t ¼ 0:9k=b cos h ð3Þ
where, symbols t = particle size, k = wave length of X-ray, b = full
width at half maximum and h = Bragg angle.
The X-ray density (dx) was calculated using the following
relation.Table 2
Atomic percentage value for all compositions by EDAX analysis.
Composition (x) Atomic % for element
Zn Ti/Mn/Cr Fe
Expt. Thero. Expt. Thero. Expt. Thero.
ZnFe2O4 34.22 64.40 66.66
ZnTiFeO4 34.93 28.98 36.09
ZnMnFeO4 32.72 33.33 34.37 33.33 32.91 33.33
ZnCrFeO4 32.00 34.40 33.60dx ¼ 8M=Na3 ð4Þ
where, N = Avagadro’s number (6.023  1023 atom/mole)
M = Molecular weight a = Lattice constant
The values of lattice constant (a), crystallite size (t) and X-ray
density (dx) are summarized in Table 1. From the table it can be
observed that the lattice parameter ‘a’, crystallite size ‘t’ and X-Fig. 4. FT-IR spectrum for some metal ion containing zinc ferrites.
132 R.P. Patil et al. / Results in Physics 3 (2013) 129–133ray density ‘dx’ value vary with substitution of different metal ions
concentration.
3.2. Scanning electron microscopy
The microstructure of different metal ions substituted zinc fer-
rites was examined by the scanning electron microscopy tech-
nique. Typical micrograph of the samples treated at 1073 K for
8 h is shown in Fig. 2. The SEM images of all the samples showed
irregular microstructures with almost spherical small particles to
the largest particles. Also, some ferrite powders possessed a uni-
form coarse structure with a well clear crystalline microstructure
containing a spherical microstructure with an average grain size
homogeneous about 0.5 lm. A drastic difference in microstructure
of the samples indicates that the substitution of different metal
ions like Ti, Mn and Cr plays a different role on microstructure.
3.3. Energy dispersion X-ray analysis
The composition of the nanocrystalline different metal ion
substituted zinc ferrites has been determined using the energy dis-
persion X-ray analysis (EDAX). The X-ray analysis spectra of ZnFe2-
O4, ZnMnFeO4, ZnCrFeO4 and ZnTiFeO4 samples are shown in Fig. 3.
From the EDAX spectrum, the presence of Zn, Ti, Fe, Cr, Mn and O
are conﬁrmed in this sample. The quantitative analysis of EDAXTable 3
IR frequency and difference frequency value for all compositions.
Composition Crystal
structure
t1 cm1
(Td)
t2 cm1
(Oh)
t1  t2 cm1
ZnFe2O4 Cubic 545 387 158
ZnMnFeO4 Tetragonal 594 457 137
ZnCrFeO4 Cubic 595 487 108
ZnTiFeO4 Cubic 550 394 156
Fig. 5. Vibrating sample magnetometer for sspectrum revealed the relative atomic ratio of all elements of about
1:1:1, which is close to the expected values for ZnFe2O4, ZnMnFe-
O4, ZnCrFeO4 and ZnTiFeO4. The data of the EDAX analysis for this
sample are given in Table 2.3.4. Fourier transfer infrared spectroscopy
The IR spectra of all the compositions are shown in Fig 4. Wal-
dron et al. [24] have observed that in normal ferrites both absorp-
tion bands depend on the nature of octahedral M–O stretching
vibration and nature of tetrahedral M–O stretching vibration. In
earlier study the vibrational spectra of ferrites attribute the band
around 600 cm1 to the intrinsic vibrations of tetrahedral com-
plexes and around 400 cm1 to that of octahedral complexes. The
FTIR spectrum of ZnFe2O4 the bands appear at 347,545 cm1, in
ZnMnFeO4 at 457,594 cm1, in ZnCrFeO4 at 487,595 cm1 and in
ZnTiFeO4 at 394,550 cm1. It is well known that the vibrational fre-
quencies depend on the cation mass, cation-oxygen bonding force,
distance and unit cell parameter. These bands are mainly depen-
dent on Fe–O distances. It reveals that in normal spinel ferrites
both the bands depend on the nature of octahedral cations and
to a lesser extent on tetrahedral ones. It is also observed that the
frequency of the absorption bands gradually increases with an in-
creased volume of unit cell. The values of vibrational frequencies
are summarized in Table 3.3.5. Magnetic properties
The magnetization measurement for the ZnFe2O4, ZnMnFeO4,
ZnCrFeO4 and ZnTiFeO4 specimens carried out using a vibrating
sample magnetometer (VSM) at room temperature with an applied
magnetic ﬁeld 15 kOe is shown in Fig. 5. The main magnetic data
like saturation magnetization (Ms), coercively (Hc) and remanent
magnetization (Mr) of all the samples are listed in Table 4. Intro-ome metal ion containing zinc Ferrites.
Table 4
Data for the saturation magnetization (Ms) coercivity (Hc) and remanent magneti-
zation (Mr) for all samples.
Composition Crystal
structure
Saturation
magnetization
(Ms)emu/gm
Coercivity
(Hc) Oe
Remanent
magnetization
(Mr)emu/gm
ZnFe2O4 Cubic 1.82 121 0.22
ZnMnFeO4 Tetragonal 0.025 47.59 5.77  104
ZnCrFeO4 Cubic 0.010 212.14 6.20  104
ZnTiFeO4 Cubic 1.02 490 0.46
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magnetic properties. The magnetic study for all the samples indi-
cates that, the saturation magnetization, remanent magnetization
and coercive force shows variation and also some cases enhance
the magnetic property. In ZnFe2O4, the Fe3+ ions are on octahedral
(B) sites and give due to weak A–O–B interaction. The substitution
of Ti3+, Cr3+ and Mn3+ in zinc ferrite which enhance magnetization
because of the substitution effect of the metal ions. The site prefer-
ence energy also plays an important role in magnetization (See
Table 3).
4. Conclusion
The ZnFe2O4, ZnMnFeO4, ZnCrFeO4 and ZnTiFeO4 compositions
were synthesized by sol–gel autocombustion method. X-ray dif-
fraction study shows that, ZnFe2O4, ZnCrFeO4 and ZnTiFeO4 are cu-
bic in nature while ZnMnFeO4 is in tetragonal nature. FTIR spectra
for all compositions indicate that, the bond length, ionic radii these
factors affect the vibrational frequencies for tetrahedral and octa-
hedral sites. The scanning electron microscopy study reveals that
all compositions well crystalline, uniform and of homogeneous
grain size in nature with substitution of different metal ions. Mag-
netic data for all samples show that substituted metal ions con-
taining samples are good magnetic behavior compared with zincferrite except ZnCrFeO4.It is depends on Neel theory and sites pref-
erence energy for all substituted metal ions.
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